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Introduction. The earth'!s magnetic field is demonstrated
most simply by the forces exerted on a comp;ss needle. The
first man to appreciate'the global character of the geomag-
netic field seems to have been William Gilbert. lHe deter-
mined that the magnetic forces are guided from within'g-e
earth, and described his experimcnts in a treatise "Dcf Aagnete"

published in 1600.' By observing the magnetic forces in the

vicinity of a spherical lodestone and comparing them with what

" was known of--the. earth!s field, he concluded that the earth

itself is a great magnet. A small bar magnet (magnetic dipole)
of appropriate strength placed at the center of the earth

would have the same external field as a uniformly magnetized

. sphere. Every schoolboy has mapped a dipole“field by sprink-

ling iron filings in the vicinity of a bar magnet. About 90
per qéntrof the main geomagnetic field can be represented by
a short earth-;;nfé;;aldipole inclined at an angle of about
11.5° to the axis of rotation.

Although the compass was used in navigation during the
fifteenth century, the earliest measurements of the deviation
of the compass from true north were not made until the first

half of the sixteenth century. The first world chart of the

variétibn_of compass direction (declination) was constructed

by Halley in 1701, with the knowledge that it would soon be .

obsolete.
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The earth's magnetié fielg is ever changing and its
variations are recorded continuously at magnetic observ-
atories over thé'globe. Nonmagnetic ships, airoraft,
rockets and now earth satellites contribute their geomag-
netic measurements to cdmplete the description. Magneﬁ}c
pharts are currently revised every five or ten years té"
monitor the secular changés arising from fiuid motion¥w
generating eleétric currents within the molten conducéing
core of the earth (see volume § for dynamo theory of the
origin of earth's magnetic field). A World Magnetic Sur-
'vey has been undertaken during the years 1964-1965 anéuwill
lead to improved yonld magnetic charts.for the epoch 1965.0.
This.project continues the highest traditions Bf interna-
tional scientific cooperation established during the IGY,
Meaguremegtg. In order to measure the vector geomagnetic

”field'intensity'it is necessary to determine a set of three
independent quantities. Su;face observatories usually meas-
~ + ure the horizontal intensity H, the vertical intensity Z and
IR the magnetic declin;tion D. With the introduction of extreme-
‘iy ac;;;gﬁé precession magnetometers éo measure the magnitude
of the total field B, the quantities determined are often B,
D and the dip angle or inclination I.. It is sometimes con-
venient. to use the set given by the north component X = H cos D,
the eas£ qonponenﬁ Y = H sin D, and the vertical component

. 2 . ‘
Z = H tan I, where 2 =,X2 +Y2 + 3z .




Figu;es 1 to § are reproductions of world magnetic

*

charts of the surface field describing D,'H, Z, B, and I

respectively, The epoch and source are given for each iso-

_magnetic chart. The isomagnetic lines of declination are

called isogoﬁib lines, and the zero isogonic line, along
which the compass points to geographic north, is the agonic
line. For the field intensity components the lines are
called isodynanmic lines, and on the inclination chart the

lines are isoclinic lines. The secular variation, which a=-

,mounﬁs to about 0.1 per cent of the total field per year,

can be found on world isoporic maps prepared by the U.S.
Navy Hydrographic Office in the 1700 series.

Recent evaluations of the main geomagnetié field (C;in
et al., 1965) have succeeded in reducing the errors in the
field description to a fraction of 1% in regions of good
data coverage. High speed computers are handling the daﬁa
directly, thus eliminafing the errors that may appear in the
construction of intermediate charts. Surface anomalies on
the order of a 100 km in extent do not appear on the charts,
but at times may be a few per cent ofjfhe total field.
Fortunately, the effects of these magnetic sources in the
earth's crust disappear rapidly with altltude, and present

no problem in descrlblng the geomagnetic fleld in space.,

Dipole Field. The first approximation of the geomagnetic

field given by a unifo;ﬁiy magnetized sphere is equivalent

to a ‘centered dipole aligned parallel to the magnetic axis.
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In Figure 6 let the magnetic axis be NS where N is the north
geomagnetic pole and S the south geomagnetic pole, the radius
of the sphere is a, the magnetic colatitude is 8, then at a
distance r from the earth's center the magneﬁic potential

V= -MeOsO/rz where M'is the magnetic moment. The intensity
B of the field is given by B= -grad V . The inward radial

7=, W -

component of the field is chose and the component

perpendicular to r, in the dlrectlon of decreasing 0 is

H=-;%§ = M §1§0 .« Therefore B = (H2+Z )2 = _%l E1+3cos sz

and since at the surface of the sphere at the equator M= asBo,
this yields B = Bo (;-) [1+3 cos dj

and tan I --% w 2 g9 @ . The dip in a dipole field is seen to
be the ‘same at all points along the radius OP. The geomagnetic
equator is the dip isoline I=0 for the centered dipole field.
The observed curve Iéd for the actual main field is the masg-
netic equator. The polar equation of a dipole line of force

is r = ¢ sin 20, where ¢ is the distance at which the line
crosses the equatorial plane. Clearly a field line that is

at the surface at 6 = 30o crosses the equatorial plane at 4
earth radii from the center (see Figure.6).

Sghgrieal harmonic analxgis. The first spherical harmonic
analysis of the main.field was made by Gauss in 1838. Several
investigators using improved data and varying numbers of co-
efficiests have’continued the work. The early studies are
discusseﬂrin Chasman and Bartels (1940). References to the

.ecent work of Vestine, Finch and Leaton, and Cain may be

found in Cain et al. (1965).
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With the assumptions of internal origin of the main
magnetic field and negligible electric currents within the
magnetosphere, Laplace's equation V 2V=0 is satisfied and
the magnetic field is derifable from a magnetic potential

A

of the form ,

co a\ ntl m m m
V=a3> i (‘f-) g, cos mA + h  sin mA P_(cos9)

e n=1 m=0
where 0 and‘).are here the geographic colatitude and east
longitude, Pﬂ(cose) are the Schmidt normalized associated

Legendre polynomials of degree n and order m and gﬂ «nd

hg are the Gauss coefficients determined from the surface

- magnetic data. The potential function is not a measured

quantity, but the gradient of the potential function gives
the magnetic field components that are observed at the
earth's surface:

19y _ X
* = r. 5_6 Y .—rs}‘ne ‘3\7/\ z F

In recent years, the most widelj used coefficients have
been those derived by'Finch and Leaton, however the coeffi-
cienfs of Cain and'gg11aborators, determined by fitting the
measured data rather than the data reaa from magnetic charts,
are likely to be used more extensively in the future.

. The first approximation of the earth's magnetic field
as a dipole can be répfesented mathematically by taking terms
in thé potential fu;cinn with n=1 (3 Gauss coefficients).

This is the eaﬁth-centgred dipole inclined at an angle of 11.5

o
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to the axis of rotation. The axis of the dipole intersect-

ing the surface of the earth defines the geomagnetic poles
and consequently the geomagnetic coordinate system. Figure 7

-

indicates the geomagnetic coordinate system superimposed on a

, Mercator projection in geographic coordinates after Vestine.

The geomagnetic poles are not the magnétic poles indicated
on the surface magnetic field maps. The lapter are the dip
poles, which.a}e pointé on the surface of the earth where the
magnetic field is vertical. The dip poles ére not antipodal.
| A second approximation to the observed geomagnetic field
is provided by taking terms through n=2 (8 Gauss coefficients).
This is #heveccentric dipole approximation and is provided by
a suitable magnetié dipole ﬁarallel to the original central
dipole, but displaced from the center of the earth about
436 km towards a point at latitude 15.6° N, longitude 150.9° E

for epoch 1955. The axis of the eccentric dipole intersects

the é;;fﬁws surface at points which represent another pair of
magnetic poles. The approximate geographic location of the

various magnetic poles discussed above are shown in Table 1,

with source and epogh given.

Table 1

V*lmuum;_ Geographic Latitude and Longitude 6£ Various Magnetic Poles

Observed Field 75.5°N, 2595525 Epoch 1965 -/
(Dip Poles) 66.5°S, 139.9°g- Watford et al.(1965) ~
Centered dipole’ 78.5%N, 291.09E Epoch 1955
(geomagnetic poles) 78.5°s, 111.0 E - Finch and Leaton(1957)
eccentric dipole 81.08N, 275.3ZEr ‘MEpoch 1955 _
120.4°E

75.0°s,

Parkinson & Clea:v{1958)
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More accurate appfoximations to the obscerved field can '
be made by takdng additional terms in the potential expansién.
The analysis by Cain et al. for the epoch 1965 in Figures 4
and 5 takes potential terms through n=7(63 Gauss éoefficients).
Main field above the earth. At least 99 per cent of the main
magnetic field on the surface of the earth originates from
AsourCés within the earth. When the magnetic field is known
at all points Sn a closed surface whichléﬁéémpasses the sources
of the field, the field is completely deterﬁined at gll points
outside'the surface. The potential of the main field given

above may be expressed in the form

S
V = a Tn .
n=1 rn

where

n
m m m
T = + .
n m% (gn cos m\ hn sin mA) Pn (cos6)

m m
and g, and h determine the surface field. In order to compute

the field at height h above the earth, let a; = ath; then V may
be written in the convenient form
o0 nt+2 nk2
a !
v > aj In (—)
e 1

It is seen that the Gauss coefficients of degree n are dimin-

n+2 '
ished in the ratiof%i) at height h. Local anomalies which

. correspond to harmonics of a considerably higher degree than 7

are thus reduced effectively with elevation. The intensity of
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the dipole field and its components decreases outward as
the cube of the distance from the center of the earth. The

contributions to the geomagnetic field of harmonic terms of
4 =5

'5“2, 4, 4, S....decrease. . outward proportional to r¢, r 7,

-6 -7

PR P respectiyely. Consequently, the greater

the distance from the earth, the more like a dipole is the
permanent field; provided that current sheets and ring
currents are excluded from consideration. It may be ekpect-
ed that the fig between computed and observed values of the
permanent field will be better at altitude than at the sur-
face, since the use of a limited number of harmonics cannot
represent accurately the complex character of the anomalies
in the surface field.

Magnetosphere. For many years the region far above the
earth's atmosphere was thought to be a vacuum and conse-
quently the earth's magnetic field was thought to extend
outward in a completely predictable fashion. However, with
the observations of comet tails by Biermann, theoretical
studies by Chapman, and the magnetohydrodynamic theory of the
solar plasma flux by Parker (see Solar Wind, volume 1), the
permanent presence of streamiﬁg corpuscular radiation in
space was established and verified by satellite observations,
The coedﬁeting sclar'plasma’confines.tﬁe geomagnetic field
withih\a cavity known as the magnetosphere, having a boundary

called the magnetopause (see Magnetosphere, volume 1). Since

"the solar plasma is highly supersonic in the magnetohydro-




S dynamic sense (veloéity highor than the Alfvén velocity in

the medium), a detaéhed shock wave is produced in the medium
ahead of the boundary. Viscous forces acting along the
sides of the hagnetopause are likely to be responsible for
pulling out the'magnetic field lines into-:an extended geo-
magnetic tail on the night side. (See Figure 3 of Geomag-

i netic Disturbances, volume 1 for view of magnetosphere).

i

Quiet day geomagnetic variations. Examination of magneto-

grams during geomagnetically quiet periodséwill readily re-
veal characteristic magnetic variations that proceed accord-
ing to local solar time and have amplitudes of approximately

20 to 50 gammas (gamma = 10™° gauss). This is the solar
- quiet day variation Sq. However, careful statistical analysis
.of the record is necessary to reveal another much weaker varia-
tion (i) related to the lunar day and having an amplitude about
i T~ one order of magnitude less than Sq. Analysis of both Sg and L
| - reveal that about two-thirds of the magnetic variation is due
to external sources, and one-third to sources within the earth.

The internal contribution is 1likely produced by electric. cur-

\' o rents induced in the earth by the varying external magnetic

. field.

i“ T _ The quiet day solar variation of the horizontal intensity
% . has an amplitude that is greater during the day tban at night,
i and chénges phase at a latitude somewhat below 40°. The am-

; plitude of Sq is greater in summer than in wintér and is

‘ greater in years of sunspot maximum than in years of sunspot

i
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minimum. The lunar daily magnetic variation L also has a
greater amplitude during daylight hours and in summer. The
summer to winter ratio of L (2.6 to 1) is much greater than
for Sq. However, L increases only slightly with sunspot
number, while Sq increases by about a factor of two from
years of small to large sunspet number.

. The nature of the ionospheric current system that might
produce the obFerved Sq variation or the observed L varia-
tion can be co&puted independently of any fheory indicating
the precise mechanism by which the current system is pro-
duced. Illustrations of such current systems may be seen in

Chapman and Bartels (1940).

Dynamo Theory-Ionosphere. The most widely held theory to ex-

_The mathematical development of the dynamo theory is given

plain the origin of the ionospheric current systems that
would produce the Sq and L variations is the dynamo theory
suggested in 1882 by Balfour Stewart. Tidal oscillations

in the E region of the ionosphere move conducting a:~ across
the geomagnetic field inducing currents by dynamo action.
The conducting air is the armature of the atmospheric dynamo
and the geomagnetic fieid is the permanent field magnet in
the analogy. The observed magnetic variations Sq and L are
supposed to be caused by the magnetic fields of these iono-
spheric currents (ofteh called dynamo curfents). The analogy
is fdrzfrom exact, %inée‘in the‘presencé of a magnetic field

the conductivity of a partially ionized gas is anistropic.

§§
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in Chapter 23 of Chapman and Bartels (1940) with recent de-
velopments and reférences in a review by Fejer (1964).

Two lines of investigation contribute supporting evi-
dence for the‘dynémo theory. In one approach the wind vel-
ocities and the condqctivities are assumed and the resulting
current systems with their magnetic variations are calcﬁ}atgd.

In the second approach the observed magnetic variations are
taken as a starting point and with conductiv;ty assumptions,
the electric cﬁrrent systems and then the wind velocities are
calculated. The internal consistency of these calculations
lend broad support to the dynamo theory.

Even during magnetically quiet days ﬁhe ever-present
solar wind interacting with the magnetosphére will increase
the magnetic field on the day side relative to the night side.
The rotation of the earth under this pattern will provide the
observer on the ground with a quiet day magnetic variation
related to currents flowing at the boundary of the magneto-
sphere. Investigations along these lines are almost non-
existent, and current explanations for the quiet day magnetic

variation look toward the ionosphere and the dynamo theory.

Some relationships of the geomagnetic field. 1) In associ-

ation with activity on the sun, enhanced solar plasma inter-
acting with the earth's magnetosphere causes geomagnetic
disturbance and a host of related phenomena (see Geomagnetic

Disturbances,_vblume 1). 2) The earth's magnetic field acts
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" on cosmic rays like a huge magnectic spectrometer. The various

particles are sorted with low energy particles reaching the
polar regions, ﬁhile only high energy particles are detected
near the equator (see Cosmic Radiation, volume 1). 3) Within
the earth's magnetic field, trapped electrons and protons
spiral along the lines of fbrce and drift around the earth to

populate the radiation belts (see Van Allen Radiation Belts,
N '

volume 1). _ \
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Figure Captions

World magnetic chart of the surface field:
declination (D), epoch 1960

(Geomagnetism and Aeronomy, vol. 4(1964), p.602)

Figure 3.

Figure 4.

Figure 5.

Figure 6.
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Figure 7.

World magnetic chart of the surface field:
horizontal intensity (H), epoch 1960

(Geomagnetism and Aereoncay, vol. 4 (1964), p.603)

World magnetic chart of the surface field:
vertical intensity (2Z), epoch 1960

(Geomagnetism'and Aeronomy, vol. 4 (1964), p.604)

World magnetic chart of the surface field:

total intensity (B), epoch 1965, after Cain et al.
(JGR, vol. 70 (1965), p.3659)

World magnetic chart of the surface field:
inclination (I), epoch 1965, after Cain et al.
(JGR,'vol. 70 (1965), p.366i) .

Dipole Field
Geomagnetic coordinates (curved lines)

superimposed on a Mercator prbjector of the

world.

(Handbook of Geophysics, Revised Edition 1960, p.10-9)
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data used were 250 determinations in Argentina during the period 1951-1954 (21, 22], 70 determins- /
tions in Colombia in 1958 and 60 determinations in Mexico [23]. —
i i Asia. Reccent observations of a high accuracy were uscd in Japan and the near-lying islands
‘ i for 1951-1955 at more than 1000 stations [24, 23], in India for 1957-1958 and in the Philippines for
4 - 1954-1955 [29] at 100 stations. We had no new data for the remaining territory of Asia.
Africa. New determinations at 650 stations wero used in North Africa [30, 31], in the Sabars
¢ .__ [32-36] and In the Madagnscar area [40] for 1947-1957.
: Australia. We used determinations made from 1927 through 1958 at 775 stations [41). Their
¢ distribution over the territory of Australia is uneven. Its castern part is covered botter. These
) i ' data supplemented information on the magnetic field of Australia considerably. In the case of New
!

2

]

Zealand we used 237 determinations for the period 1941-1951 [43].

Oceans. The magnetic determinations of the scientific expeditions aboard the schooner Zarys
were a considerable contribution to the study of the magnetic ficld of the oceans. These expeditions
during the period from 1957 through 1961 made a survey in the Atlantic, Indian and Pacific Oceans,
’ : } covering them with a thin but reliable network of magnetic determinations. The total length of the
i

ey v
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track followed by the Zarya was approximately 160, 000 nautical miles. The accuracy of determins-
tions of declination was ~0°.5; accuracy of the horizontal and vertical compounents was ~ 0.001 oe.

About 250 determinations of recent years [45, 46] were used for the islands situated in the
Atlantic, Indian and Pacific Oceans.

Arctic. In the Arctic in recent years magnetic determinations have been made by expeditions
on drifting stations and other high-latitude expediticns. We used the results of these determinations

" for 1955-1960. (Earlicr observations on drifting st:tlons were used when compiling maps of the )

epoch 1955.) These determinations covered a considerable part of the north polar zone and were the
basic data for map compilation. In addition, obsorvational dzta for Spitzbergea for 1851-1953 and
eariier were used [47]. We hadno other data bused on foreiya obssrvations aad thorefore the
western sector of the Arotic was mapped solely on the basis of old very modest and inoxact data.

S
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Fig. 2

Antarctica. This region, virtually unstudied in magnetic respects, was supplemented by
tagetic observations of very great importance for compilation of maps. These obscrvations were
made by Soviet antarctic expoditions on sea and land; in the Indian Ocean detcrminations were made
wrard the diesel-electric ship Lena in 1956. In the Pacific Ocean magnetic observations were made
.#oard the diesel-electric ship Ob' in 1957-1958 [48, 49]. These obscrvations were made along the
twks of the vessels to Antarctica. Their accuracy was low, but they were useful for such mag-
stically unstudied regions.

Soviet investigators made determinations along the coast of Antarctica and in the interior of
8o continent. Although the number of determinations in Antarctica was not great each reconnais-
wxe and cach determination for that continent is of great value. The first traverse into the ant-

'~ arctic interior was made by P.K. Sen'ko in 1956 [50]. He followed a route aboui 420 km in length
!mm Mirny station to Pionerskaya station. In 1957 N.D. Medvedev made a traverse 1,400 ki in
»xth {rom the Pravda Coast to the earth's South Geomagnetic Pole. Then, in 1958, determinations
vre made along the traverse Pionerskaya - Vostok I - Komsomolskaya - Sovetskaya - Pole of
butive [naccessablility [51]. In 1959-1960 determinations were made along the traverse Vostok-
txth Geographic Pole, and in 1960-1961 along the traverse Mirny - Komsomolskaya - Vostok and
utho area of tho Shackleton and West Ico Shelves. In addition, certain observational data of forel
roeditions wore used. Among these were a survey of 1957 in the area of Prince Harald Land [52 ’
weervations of Amorican expeditions of 1951-1956 in the area of the Palmer Peaninsula and at

Uttle America and Littlc Rockford statious, French observations in Adelie Land [53] and at the
¥atlons Charcot and Dumont D'Urvliie iz 1851-1952 and Australian observations of 1953-1954 at
Lvicn station and to the south of it {54].

All the data used'in compilation of the maps were reduced to the single epoch 1960. The
action was accomplished using world maps of isopors of D, H and Z for the period 1954-1959
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[60], compiled by the Institute of Terresirial Magnetisw, Ionosthere and Radio Wave Propagatic
The cartographic base for compilation of maps for foreign areas was a grid at a scale of
1:10,000,000. The isolines were drawn by interpolation between the value of the magnetic elemc.
at obscrvation stations. .
For the area of the USSR we used the above- mentioned magnetic maps, first subjected to &
simplification. )
The principal interval between isolines was 0.G05 oe for H, 0.01 oc for Z and 1°for D. M
a result of the nonuniform magnetic study of the earth it 18 extremely difficult to make an evalust:
of the world maps, expecially for arcas which include the European part of the USSR, westera
Europe, the United States, Japan, India, Australia and New Zealand, it will be ~ 0.002 oe for B¢
and Z 2nd 0% for D. i
We have pubiishcd maps obtained by replotting isolines from maps at a scale of 1:10, 000,86 3
with the interval between isolines rcduced to 0.01 oe for H and 0.002 oe for Z (Figs. 1-3). The °
world magnetic maps for the epoch 1960 were prepared using more extensive and up-to-date dala ]
than the maps for the epoch 1955 and thercfore now are the most reliable magnetic maps of the wt
On the oceans a great influence on the increase of quality of the maps was the result of recs !
observations ou the schooner Zarya, whose contribution was great with respect to both quantity &
quality. Ou all the world maps campiled easiler the magnatic flald {67 acaan aradr waan TApY ARt
fr Phe Trowt TEIE Ox e tmE of AEaeTTIENTES Sl o Tue FRCAL CATNe e, Aating ty taa firad aned 1
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i we see only glight differences
tloch being five years later and
¢ present charts use 63 instead
cflicients. The reasons for this
sptage changes in the ficld during
sl are small and that the ampli-
Utional 15 eocflicients are smail
de of the lower terms, '
imooth representation, it is of
He to illustrate the many small-
g!.h:\t, are found near the earth’s
dtours are thus much smoother
astandard world magnetie charts
Ally constructed by other meth.
fity of standard charts, however,
mpt to show as much detail as
with the result that there are

s around anomalics in isolated }

d data coverage, but smooth

vre, It is likely that such maps |

e 3 give n more realistic esti-
| averaged over the whole of the

‘fmturc of the secular change
A in Table 4 ix the fact that the
ot dominate the series as does
l&‘]vcn though there are fewer
'terms determinable from  the

ing secular change maps are at

X ns those for the field itsclf. |
nge in two of the components, b
min Figure 4. The characteristic |

‘map is that the earth is alost
‘between positive and negative
38 pattern of positive Z is equally
centers of negative change oceur
-and the positives are contered
itudes and over Asia. Since the
s;ncos in the major secular change
naller than those for the cocffi-
in ficld (ef. Table 5), the details
dlustrated are cqually less likely

tith other modcls.” To cvaluate
ch the presently derived sect of
mres with other models, we have
»gntions between the available
mputed field components at the
dtion. Complete validation can
gince it is not possible to make
regions that arc void of data.
lata are accrucd it should always
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~oefficients in Table 4 for epoch 1
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MAIN GEOMAGNETIC FIELD, 1910-1062
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